The dynamics of the layer-displacement fluctuations in smectic membranes have been studied by x-ray photon correlation spectroscopy (XPCS). We report transitions from an oscillatory damping regime to simple exponential decay of the fluctuations, both as a function of membrane thickness and upon changing from specular to off-specular scattering. This behavior is in agreement with recent theories. Employing avalanche photodiode detectors and the uniform filling mode of the synchrotron storage ring, the fast limits of XPCS have been explored down to 50 ns.
If coherent radiation is incident on a material, the scattered intensity shows a so-called speckle pattern that reflects the instantaneous spatial arrangement of the scatterers. Information about the dynamics of the scatterers is accessible by photon correlation spectroscopy (dynamic light scattering), in which the time dependent intensity autocorrelation function of the speckle pattern is measured. While this is a well-established technique for visible laser light [1] , in the x-ray regime the required coherent x-ray intensity can only be generated at third generation high-brilliance synchrotron sources [2] . So far, the feasibility of x-ray photon correlation spectroscopy (XPCS) has been shown on various hard [3] and soft condensed matter systems, including capillary waves at liquid surfaces [4] . Applications to smectic membranes are more recent [5, 6] . Smectic liquid crystals consist of stacks of liquid layers, each consisting of orientationally ordered elongated molecules. The reduced dimensionality associated with the density modulation along the layer normal leads to strong thermal fluctuations: the layer displacements ͗u 2 ͑r͒͘ diverge logarithmically with the size of the system (Landau-Peierls instability) [7] . Smectic liquid crystals can be suspended over an opening in a solid frame [8] . The surface area of such a smectic membrane can be as large as several cm 2 , while the thickness can be varied from thousands of layers (tens of mm) down to two layers (about 5 nm). Smectic membranes constitute ideal model systems to investigate fundamental aspects of fluctuations associated with low-dimensional ordering. This is directly related to the general interest in surface ordering in systems such as Langmuir films, Newtonian black films, and surfactant and lipid membranes [7, 9] . We report on transitions from oscillatory to exponential decay of the fluctuations, both as a function of membrane thickness and of the wave vector transfer along the membrane. Moreover, we have pushed the time scale of XPCS down to well below the ms range (first measurement points at 50 ns).
This nicely creates overlap with neutron spin-echo methods that can be extended up to about 100 ns.
Significant progress has been made in both the static [10] and the dynamic [11, 12] description of fluctuations in smectic membranes by extending the Landau -de Gennes theory of smectic-A (Sm-A) with surface terms. Because of the finite film thickness the continuous bulk response spectrum changes into discrete response modes. In contrast to (surface) capillary waves the fluctuations originate from the stacked layers as a whole. Extensive experiments on smectic membranes have been conducted using static x-ray scattering [13, 14] . A first series of XPCS measurements with soft x rays on 5 50 mm thick membranes revealed an exponential decay of the correlation function [5] . For different materials a linear dependence between the relaxation time and the membrane thickness was established. In contrast, Fera et al. [6] , using XPCS with 8 keV x rays, found oscillatory damping in thin membranes. The conditions under which these two situations occur have so far not been established experimentally.
We have studied the compounds N-(4-n-butoxybenzilidene)-4-n-octylaniline (4O.8) and 4-heptyl-2-[4-(2-perfluorhexylethyl) phenyl]-pyrimidin (FPP) (see Fig. 1 4O.8 (up) [6] and FPP (down) [14] . Phase transition temperatures are given in of which FPP has somewhat atypical material parameters such as an unusually large compressibility constant. Membranes were stretched to a size of about 15 3 5 mm 2 using a frame with movable blades. The frame was placed inside a two-stage oven controlled within 0.1 ± C, which was subsequently evacuated. All measurements were done in the Sm-A phase at T 50 ± C for 4O.8 and T 100 ± C for FPP. Membrane thicknesses in a range of 0.5 20 mm were determined from optical reflectometry [8] and up to 3 mm from the interference fringes measured by specular x-ray reflectivity.
X-ray scattering experiments were performed at the undulator beam line ID10A (Troika I) of the European Synchrotron Radiation Facility (ESRF, Grenoble). Membranes were mounted vertically in a reflection geometry (see inset Fig. 2 ) and illuminated with 8 keV radiation selected by a Si(111) monochromator followed by Pt coated Si mirror to suppress higher harmonics. The longitudinal coherence length of about 1.5 mm is fixed by the bandpass of the monochromator Dl͞l ഠ 10 24 . The beam emerging from three undulators in series was collimated by a system of two slits and focused in the vertical direction by a refractive beryllium lens with a demagnification ratio of ϳ1:1. This symmetrizes the transversal coherence lengths to about 10 mm, the same size as the 10 mm pinhole in front of the sample. Guard slits were placed after the pinhole to remove parasitic scattering. The footprint of the beam at the Bragg position was about 0.01 3 0.5 mm 2 . A fast avalanche photodiode (Perkin Elmer C30703) [15] with an intrinsic time resolution &4 ns was used as a detector at a distance of 1.5 m from the sample, with predetector slits set to 30 3 30 mm 2 . The resolution of the setup is estimated to be Dq x ഠ 10 24 nm 21 and Dq y Dq z ഠ 10 23 nm 21 . Measurements were performed in the 16-bunch mode of the storage ring (16 narrow electron bunches equally spaced at 176 ns time intervals) and in the uniform filling mode (992 bunches at intervals of 2.8 ns). The coherent photon intensity at the sample was about 6 3 10 8 counts s 21 ͞100 mA. Depending on the mode the intensity time autocorrelation function was computed in real time using a hardware multiple-tau digital autocorrelator ALV5000/E (ALV-GmbH, sampling/lag time down to 200 ns) or with an ALV5000/FAST (sampling intervals down to 12.5 ns). In practice, the technical cutoff of the whole detection tract with the FAST correlator was at 40 50 ns. Ultimately the time structure of the storage ring limits the fastest accessible dynamics. We worked at the Bragg position corresponding to the smectic layer spacing d. Thanks to the perfect match between the millidegree mosaicity of the membranes (see inset in Fig. 3 ) and the high resolution of the setup, count rates up to 150 MHz were possible. This facilitated measurements at off-specular positions ͑q x fi 0͒ by rocking the sample. to the largest thickness (15 mm) reached experimentally. Figure 3 shows a series of off-specular measurements of this compound. Only the data at the specular ridge (curve 1) show oscillatory behavior. Even for the smallest offset in q x , corresponding to 0.025 ± , the oscillatory behavior disappears. Also the relaxation times have moved to values well below 1 ms.
The results will be compared with the theory of fluctuations in Sm-A membranes [11] . The calculations are based on the solution of the equation of motion for such membranes:
with corresponding boundary conditions at z 6L͞2 incorporating the surface tension g. Here r 0 is the density, h 3 is the layer shear viscosity coefficient, L is the thickness of the membrane and K and B are the elastic constants corresponding to layer bending and compression, respectively. 
where ͑x, y͒ is the surface plane of the membrane, g͑r Ќ , t͒ is the layer displacement autocorrelation function (see below), and r Ќ p x 2 1 y 2 . As the resolution Dq y is an order of magnitude larger than Dq x , we can approximate the corresponding exponential by a d function reducing the integration in Eq. (2) to the x direction only. In high-compressibility limit ͑B !`͒ the expression for g͑r Ќ , t͒ is given by [11] 
where the correlation function G͑q Ќ , t͒ ͗u ‫ء‬ ͑q Ќ , 0͒u͑q Ќ , t͒͘ has the following form:
where k B T is the Boltzmann factor. The times t 1 and t 2 are determined by the dispersion relation [11] :
The corresponding relaxation times, given by ͓Re͑1͞t 1 ͔͒ 21 and ͓Re͑1͞t 2 ͔͒ 21 , are displayed in Fig. 4 . For small values of q Ќ , t 1 and t 2 are complex conjugate numbers and both relaxation times coincide, which implies oscillatory damping (complex mode). If q Ќ exceeds a crossover value q Ќ,c , t 1 and t 2 are different real numbers corresponding to a slow and a fast relaxation. In this regime the correlation function follows a simple exponential decay. From Eq. (5) we find
The fast relaxation t 2 is related to the presence of the inertia term in the equation of motion (1). According to Fig. 4 this relaxation time goes rapidly down with increasing q Ќ and will not be accessible experimentally. The correlation function (3) represents a superposition of contributions from undulations with different wave vectors. The short-wavelength cutoff in Eq. (3) is defined by the intermolecular distance a, taken as 0.4 nm. The long-wavelength cutoff L influences both the damping time and the form of the correlation function. The longest wavelength in a finite-size membrane is determined by the size of the frame. However, in our x-ray experiments the largest wavelength detected would rather be determined by the projection of the coherence length at a given q z position. In our fitting of the experimental curves the cutoff L was varied around 100 mm, which is compatible to the latter interpretation. Fluctuations with larger wavelengths could, nevertheless, still be important as they also disturb the position of the scatterers. A proper implementation of the coherence and the resolution in the theory would probably introduce some weight function in Eq. (3), which would suppress the contribution of the longer wavelengths more smoothly. If the crossover wave vector q Ќ,c is within the integration interval of Eq. (3), the correlation function exhibits oscillatory damping. As soon as q Ќ,c is outside this integration interval an exponential decay is observed. As q Ќ,c scales with the membrane thickness as 1͞ p L we can translate this behavior into a cutoff membrane thickness:
For membranes with L , L c oscillatory behavior will be pronounced. When the membrane thickness approaches L c the oscillations start to vanish and for L . L c only an exponential decay is observed. This is in agreement with the results for 4O.8 membranes presented in Fig. 2 . For FPP the viscosity h 3 as determined from the fits, is a factor of 3 smaller than for 4O.8 (compare Figs. 2 and 3) . Then L c is for FPP an order of magnitude larger than for 4O.8 and outside our experimental range of thicknesses.
In agreement with surface light scattering methods [9] , by rocking the sample to an off-specular angle we probe relaxations with the corresponding wave vector q Ќ . Such results for FPP are presented in Fig. 3 . The relaxation times corresponding to curves 2 and 3 are almost identical, in agreement with the plateau region in Fig. 4 . Larger offset positions could not be measured because of the rapidly decreasing count rate. Note that Eqs. (2) and (3) Fig. 4 , common in a homodyne detection scheme, suggests that g 2 ͑t͒ might be represented by a simple exponential. Such a phenomenological form of the correlation function has been used previously to fit experimental data [5, 6] .
In conclusion, we have measured relaxation times well below 1 ms with data points starting at 50 ns. In principle this number can be pushed down by another order of magnitude to a few ns, the present limit given by the bunch structure of the storage ring. We have found a crossover between an oscillatory and an exponential regime of fluctuation damping, both as a function of membrane thickness and of the off-specular wave-vector transfer. The results are in a good agreement with present theories.
